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ABSTRACT 

A t r a n s o n i c  e q u i v a l e n t  s t r i p  (TES) method has 
been f w t h e r  developed f o r  uns teady  f l o w  computa- 
t i o n s  o f  a r b i t r a r y  w ing  planforms. The TES method 
cons is t s  o f  two c o n s e c u t i v e  c o r r e c t i o n  s t e p s  t o  a 
g i v e n  n o n l i n e a r  code such  as LTRAN2; namely, t h e  
cho rdw ise  mean-f low c o r r e c t i o n  and t h e  s p a n w i s e  
p h a s e  c o r r e c t i o n .  The c o m p u t a t i o n  p r o c e d u r e  
r e q u i r e s  d i r e c t  pressure i npu t  f r o m  o t h e r  computed 
o r  measured d a t a .  O the rw ise .  i t  does no t  r e q u i r e  
a i r f o i l  shape  o r  g r i d - g e n e r a t i o n  f o r  g i v e n  
p lan fo rms .  To v a l i d a t e  the  computed r e s u l t s ,  f o r r  
swep t ,  t a p e r e d  w ings  o f  v a r i o u s  a s p e c t  r a t i o s ,  
i n c l u d i n g  those w i t h  c o n t r o l  surfaces, a r e  se lec ted  
as c o m p u t a t i o n a l  e x a m p l e s .  O v e r a l l  t r e n d s  i n  
u n s t e a d y  p r e s s u r e s  a r e  e s t a b l i s h e d  w i t h  t h o s e  
ob ta ined by XTRAN3S codes, I s o g a i ' s  f u l l  p o t e n t i a l  
c o d e  a n d  m e a s u r e d  d a t a  by NLR a n d  RAE. I n  
comparison w i t h  these methods. t he  TFS has a c h i e v e d  
c o n s i d e r a b l e  sav ing  i n  computer t ime and reasonable 
a c c u r a c y  w h i c h  s u g g e s t s  i m m e d i a t e  i n d u s t r i a l  
app l i ca t i ons .  

INTRODUCTION 

C o n s i d e r a b l e  a t t e n t i o n  has been d i r e c t e d  i n  
recen t  years towards the  techno logy  deve lopment  of 
t r a n s o n i c  a e r o e l a s t i c  a p p l i c a t i o n s  w i t h  p a r t i c u l a r  
emphasis on t ranson ic  f l u t t e r  p red ic t i ons .  Based on  
t r a n s o n i c  s m a l l - d i s t u r b a n c e  e q u a t i o n s  (TSDE). 
canpu ta t i ona l  methods f o r  uns teady  t r a n s o n i c  f l o w  
h a v e  been deve loped  e x t e n s i v e l y  b o t h  i n  two  and 
th ree  dimensions, no tab ly  LTRAN2 (now ATRAN2) (Refs. 
1.2) and  XTRAN3S computer codes. Var ious vers ions  
o f  XTRAN3S codes (Refs. 3,4,5) and a nunber o f  f u l l  
p o t e n t i a l  m e t h o d s  ( R e f s .  6,7) a r e  a l l  i n  good 
progress.  Recent ly,  Curuswamy and C o o r j i a n  (Ref .  
3 ) .  a n d  B o r l a n d  and  Sotomayer (Re fs .  4.8) have 
app l i ed  t h e i r  XTAAN3S codes t o  N o r t h r o p  F-5 wing 
p l a n f o r m .  B e n n e t t  e t  a l .  (Re f .  9 )  have a p p l i e d  
Langley XTRAN3S code f o r  a RAE swept wing; Ruo and 
Malone (Ref. 10) have a p p l i e d  t h e  same code f o r  LAWN 

, wing compu ta t i ons .  I s o g a i  and Suetsugu (Re f .  6 )  
have a p p l i e d  t h e i r  f u l l  p o t e n t i a l  code t o  VarlOuS 
planforms i n c l u d i n g  the  ACARD standard RAE wing w i t h  
a n  o s c i l l a t i n g  f l a p .  Most  o f  t h e s e  r e s u l t s  have 
shown good agreement w i t h  t he  measured d a t a  o f  NLR 
and RAE. 

Al though these methods cou ld  produce r e a s o n a b l y  
a c c u r a t e  r e s u l t s ,  c o m p u t a t i o n  e f f i c i e n c y  and t h e  
g r i d  g e n e r a t i o n  p rocedures  r e m a l n  t o  be improved 
b e f o r e  t h e s e  codes can be adop ted  f o r  i n d u s t r i a l  k3 
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a p p l i c a t i o n s .  F o r  f l u t t e r  p r e d i c t i o n s  a n d  
a e r o e l a s t i c  op t im iza t i ons ,  a more e f f i c i e n t  computer 
code capable o f  r a p i d  computations i s  sought by t h e  
aerospace i n d u s t r i e s ,  s i n c e  cos t -e f fec t i veness  i s  
one o f  t h e i r  main concerns. 

M o t i v a t e d  by t h e s e  cons idera t ions ,  we have s e t  
f o r t h  t o  develop a s imp le  and more e f f i c i e n t  method 
f o r  uns teady ,  th ree-d imens iona l  f l o w  computations. 
O u r  o b j e c t i v e  i s  t o  a c h i e v e :  ( 1 )  c o m p u t a t i o n  
e f f i c i e n c y ,  (2) f l e x i b i l i t y  and ease o f  a p p l i c a t i o n s  
f o r  f l u t t e r  and ( 3 )  a u n i f i e d  s u b s o n i c / t r a n s o n i c  
method f o r  a r b i t r a r y  p l a n f o r m s .  Consequent ly ,  a 
p r e l i m i n a r y  v e r s i o n  o f  t h e  t r a n s o n i c  e q u i v a l e n t  
s t r i p  (TES) method has been deve loped  (Ref .  11).  
The r e s u l t s  ob ta ined f o r  r e c t a n g u l a r - w i n g  s t u d i e s  
show p romise  f o r  t h e  TES f o r m u l a t i o n .  Hence, i t  
p r m p t s  f u r t h e r  development. I n  t h i s  paper, t h e  TES 
method i s  f u r t h e r  developed so t h a t  a l l  procedures 
a r e  autanated f o r  aerodynamic computations. Thus i t  
can be r e a d i l y  adopted by t h e  f l u t t e r  p r e d i c t i o n  and 
the  a e r o e l a s t i c  o p t i m i z a t i o n  programs. To v a l i d a t e  
t h e  p r e s e n t  m e t h o d ,  a f a i r l y  c o m p r e h e n s i v e  
compar i son  w i t h  a v a i l a b l e  d a t a  i s  g i v e n  f o r  a 
number  o f  w i n g  p l a n f o r m s  i n c l u d i n g  t h o s e  w i t h  
c o n t r o l  surfaces. 

TRANSONIC EQUIVALENT STRIP (TES) METHOD 

The use o f  s t r i p  concept f o r  unsteady t r a n s o n i c  
c o m p u t a t i o n s  was f i r s t  proposed by t h e  ONERA group 
(Ref. 12). A s i m i l a r  s t r i p  approach, b u t  i n v o l v i n g  
q u a s i - s t e a d y  a p p r o x i m a t i o n s ,  was r e c e n t l y  
imp lemented a t  NLR ( R e f .  1 3 ) .  I n  b o t h  c a s e s ,  
however ,  o n l y  w i n g  planforms o f  l a r g e  aspec t - ra t i o  
a r e  t r e a t e d  and p o s s i b l e  a p p l i c a t i o n s  o f  t h e i r  
methods t o  l o w  a s p e c t - r a t i o  w i n g s  a r e  n o t  f o r t h -  
caning. By c o n t r a s t ,  t h e  p r e s e n t  TES method has 
deve loped  a more genera l  scheme which cou ld  handle 
a r b i t r a r y  planforms i n c l u d i n g  o s c i l l a t i n g  c o n t r o l  
surf aces. 

Correctioh Procedures 

S p e c i f i c a l l y .  t h e  present method c o n s i s t s  o f  t he  
a p p l i c a t i o n s  o f  two c o r r e c t i o n  s teps  t o  a g i v e n  t w o  
d i m e n s i o n a l  code; i t  cou ld  be a non l i nea r  code such 
as LTRAN2 o r  i t  cou ld  be a t ime  l i n e a r i z e d  one. The 
b a s i c  c o r r e c t i o n  s t e p s  a re :  ( 1 )  t h e  mean- f low 
c o r r e c t i o n  a p p l i e d  i n  t h e  c h o r d w i s e  d i r e c t i o n  and 
( 2 )  t h e  phase c o r r e c t i o n  i n  t h e  spanwise d i r e c t i o n  
(see F i g .  1 f o r  f l o w  c h a r t ) .  The f i r s t  c o r r e c t i o n  
is f u l l y  au tomated by a n  i n v e r s e  design procedure 
(IAF2 code)  i n  t h a t  t h e  l o c a l  shock  s t r u c t u r e  i s  
p r o p e r l y  recovered accord ing  t o  t h e  g i ven  mean f l o w  
i n p u t  p rov ided by a se lec ted  canpu ta t i ona l  method o r  
by  m e a s u r e d  d a t a .  I n  t h i s  i n v e r s e  prob lem,  as  
so lved by Fung and  Chung ( R e f .  1 4 ) .  t h e  v e l o c i t y  
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p o t e n t i a l  fran integrat ing t h e  pressure on the s l i t  
representing an a i r f o i l  is known up t o  an a r b i t r a r y  
c o n s t a n t .  To determine t h i s  c o n s t a n t ,  a closure 
condi t ion  i s  imposed, e . g . ,  t h e  r e s u l t i n g  s l o p e  
d i s t r i b u t i o n  being e q u i v a l e n t  t o  a c losed  body. 
T h i s  constant is being updated during t h e  numerical 
i t e r a t i o n  p r o c e s s  u n t i l  a c o n v e r g e d  s o l u t i o n  
s a t i s f y i n g  t h e  c l o s u r e  requirement  I s  o b t a i n e d .  
Once t h e  s l o p e  d i s t r i b u t i o n  of the new equivalent 
a i r f o i l  is found and t h e  s t e a d y  flow f i e l d  f i x e d ,  
unsteady responses can then be calculated by varying 
the s lopes t o  account f o r  unsteady motions. The 
l a t t e r  s t e p  can be accomplished by applying LTRANZ 
code t o  the equivalent a i r f o i l .  

For t h e  second c o r r e c t i o n ,  we make use of the 
three-dimensional l i n e a r  wave analogy i n  t h e  s e n s e  
t h a t  t h e  phase angles  a r e  red is t r ibu ted  along the 
span according t o  t h e  phys ica l  model of a c o u s t i c  
wave propagat ions  i n  a uniform medium. T h i s  is t o  
say tha t  while  t h e  f i r s t  c o r r e c t i o n  accounts  f o r  
reproducing t h e  nonl inear  s t r u c t u r e  of '  the three- 
dimensional mean f low,  t h e  second c o r r e c t i o n  i s  
responsible f o r  the adjustment of the spanwise phase 
l a g  of t h e  p r e s s u r e  according t o  an e q u i v a l e n t  
l i n e a r  t h r e e - d i m e n s i o n a l  flow. I n  p r a c t i c e ,  a 
t y p i c a l  l i f t i n g  s u r f a c e  method s u c h  a s  Double t  
L a t t i c e  code (Ref .  15) i s  adopted f o r  t h e  second 
correction. Clear ly ,  shock waves cannot be c r e a t e d  
or destroyed by any process of these corrections. 

We should note that  the present  terminology of 
" s t r i p  method" is  def ined  only by t h e  s t r i p w i s e  
computation procedwe and is otherwise i r re levant  t o  
t h e  c l a s s i c a l  s t r i p  theory .  T h e  above correction 
procedures c l e a r l y  i n d i c a t e  t h a t  t h e  present  TES 
approach i s  e q u i v a l e n t l y  three-dimensional, s ince 
there  is no r e s t r i c t i o n  t o  the wing aspect-rat io .  

J u s t  i f i c a t  i on 

I t  has  been pointed out  by Fung and Lambourne 
(Ref. 16.17) ,  among o thers ,  tha t  an accurate steady 
s t a t e  w i t h  c o r r e c t  s h o c k  j u m p  and l o c a t i o n  i s  
e s s e n t  l a 1  for  correct unsteady aerodynamic computa- 
t ions.  I t  is believed that  TSDE i n  general should be 
adequate  f o r  computation of unsteady disturbances, 
which a r e  acoust ic  s i g n a l s  assumed t o  be small  i n  
c o n v e n t i o n a l  f l u t t e r  a n a l y s i s .  However, when 
applying TSDE methods, inaccuracy may occur as  a 
r e s u l t  of the loca l  f a i l u r e  a t  the wing leading edge 
and t h e  l imi ta t ion  i n  t h e  p r e d i c t i o n  of t h e  shock 
s t r e n g t h .  S ince  an accurate steady s t a t e  pressure 
f i e l d  i s  d e s i r e d ,  an a l t e r n a t i v e  i s  t o  f i n d  t h e  
a i r f o i l  s l o p e s ,  o r  e q u i v a l e n t l y  the a i r f o i l ,  tha t  
corresponds t o  a given pressure d is t r ibu t ion .  T h i s ,  
i n  t u r n ,  suggests the inverse design procedure used 
i n  the f i r s t  correction. 

Meanwhile, t h e  unsteady aerodynamics of wing 
f l u t t e r  a t  t r a n s o n i c  speed i s  complicated by t h e  
embedded supersonic region. Disturbances downstream 
cannot be f e l t  d i r e c t l y  a t  an upstream poin t .  As a 
r e s u l t .  the  phase l a g  between unsteady motion of t h e  
wing and c o r r e s p o n d i n g  aerodynamic  r e s p o n s e  
i n c r e a s e s  a s  t h e  s u p e r s o n i c  reg ion  g e t s  l a r g e r  
While t h i s  e f f e c t  i s  important  i n  t h e  chordwise  
d i r e c t i o n  of a wing, t h e  e x i s t e n c e  of supersonic 
region should not a f fec t  the way an acous t ic  s i g n a l  
p r o p a g a t e s  i n  t h e  spanwise d i r e c t i o n .  W i t h  t h e  
exception of highly-swept wings, t h e  f low-induct ion 
e f f e c t  i n  the spanwise direct ion should  be subsonic 
i n  nature .  I t  i s  t h e r e f o r e  conceivable  t h a t  t h e  
c o r r e l a t i o n  between t h e  aerodynamic responses a t  
d i f f e r e n t  spanwise s t a t i o n s  i s  a l i n e a r  one a s  
assumed i n  convent ional  f l u t t e r  analysis ,  and that  
the unsteady aerodynamic responses due t o  s t ruc tura l  
d e f o r m a t i o n s  of a wing a t  t r a n s o n i c  speeds a r e  

s i m i l a r  i n  n a t u r e  t o  t h o s e  a t  t h e  cor responding  
subsonic speeds, except i n  the streamwise direct ion.  

ANALYSIS 

Governing Equations 

The simplest form of the time-dependent t h r e e -  
dimensional TSDE can be expressed a s  

where 
A - M: k'/6"' , 

K - (l-M:)/6"', r - ( Y + l ) H :  and 

B - M: k/6"'. c = K - r Q x ,  

D - cp/b'6"'. 

The nondimensional q u a n t i t i e s  and coordinates a re  
defined as  

(x,y.z) - C;/C, i / b ,  ~ b " ' / c ) ,  

t - t w  and k = uC/U- , 
- 

where a l l  barred symbols denote  t h e  t rue physical  
q u a n t i t i e s ,  parameters c. b, 6 and w represent the 
root  chord, t h e  semi-span, t h e  a i r f o i l  th ickness  
r a t i o  and t h e  c i r c u l a r  f requency of o s c i l l a t i o n ,  
respect i vel y . 

T h e  p o t e n t i a l  @ c a n  be  s p l i t  i n t o  t w o  
components, i .e.,  

0 - 9 0 ( x . z , t )  + @I(X,y,Z, t ;Aa)  ( 2 )  

where Q o  s a t i s f i e s  t h e  nonl i n e a r ,  two-dimensional 
equat ion  ( s e t  D = 0 i n  E q .  ( 1 ) )  as can be solved by 
LTRANP c o d e ;  i s  t h e  c o r r e c t i o n  p o t e n t i a l  
a c c o u n t i n g  f o r  t h e  t h r e e - d i m e n s i o n a l  e f f e c t  
a t t r ibu ted  t o  a small unsteady d i s t u r b a n c e  due t o  
t h e  ampli tude Bo. The three-dimensional unsteady 
disturbance is  assumed t o  be smal l  a s  compared t o  
t h e  two-dimensional one a t  a l l  times; hence, the 
nonlinear term i n  the  e,-equatian can be n e g l e c t e d ,  
resu l t ing  i n  a l i n e a r  equation f o r  Q,, i .e. 

Forewing physical argument i n  the  TES method allows 
f o r  fur ther  s i m p l i f i c a t i o n  of E q .  ( 3 )  b y  i g n o r i n g  
t h e  coupl ing  term ( e o  QIx) . I n  so doing, Eq.  ( 3 )  
is  reduced t o  the acoust ic  e&ation,  where 9, can be 
s imply so lved  by t h e  conventional subsonic l i f t i n g  
surface method (Ref. 15). 

To f u r t h e r  j u s t i f y  t h e  spanwise connect ion 
p r o c e d u r e ,  i t  i s  h e l p f u l  t o  i n v e s t i g a t e  t h e  
charac te r i s t ic  surfaces  due t o  E q .  ( 1 1 ,  

Expressed i n  t h e  dimensional form and for  t > 0 ,  Eq .  
(4) can be recas t  i n t o  a general form. s e e  Fig. 2A 

where A '  - 1 , f o r  l inear ized subsonic flow, 

A '  - l - ( Y + l ) M I M t  , f o r  t ransonic  flow. 
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z e r o .  Eq. ( 5 )  i n b c a t e s  t h a t  t h e  t r a v e l i n g  s o u r c e  (- 
of  s m a l l  d i s t u r b a n c e  i s  e m i t t e d  f r a n  ( U _ t . 0 , 0 )  a t  

P i  - Pjk 1 / aJ 

t h e  i n s t a n t  t ,  w h o s e  wav8 f r o n t  i s  a schere  f o r  
l i n e a r i z e d  s u b s o n i c  f l o w  a n d  a n  e l l i p s o i d  f o r  
t r a n s o n i c  f l o w  ( F i g .  2A). Hence,  t h e  e x p a n d i n g  wave 
f r o n t s  p r o p a g a t e  a t  wave s p e e d p  i n - t h e  chordwi_se- 
and s p n w i s e - s t r i p  p l a n e s ,  f o r  y - y .  a n d  x - x i ,  
r e s p e c t i v e l y ,  w i t h  

I 

( c h o r d w i s e )  

and 

N o t e  t h a t  a t  x i  = ~ _ t  or  y i  - 0, t h e  r a t e  of 
p r o p a g a t i o n  becomes i d e n t i c a l l y  s o n i c ;  o t h e r w i s e  i t  
i s  t i m e - d e p e n d e n t  . M o s t  i m p o r t a n t l y ,  a l o n g  t h e s e  
s t r i p  p l a n e s ,  t h e  e v e n t  d i a g r a m s  ( x - t  d i a g r a m s )  
c l e a r l y  s h o w  t h a t  w h i l e  t h e  p r o p a g a t i o n  i n  t h e  
c h o r d w i s e  s t r i p  p l a n e  is of  m i x e d  t y p e  w h i c h  c o u l d  
be e i t h e r  l o c a l l y  s u b s o n i c  or s u p e r s o n i c ,  d e p e n d i n g  
o n  t h e  d i f f e r e n c e  between a_ and  U _ ,  t h e  p r o p a g a t i o n  
i n  t h e  s p a n w i s e  s t r i p  is u n c o n d i t i o n a l l y  s u b s o n i c , ,  
w h i c h  i s  i n d e p e n d e n t  o f  t h e  am anG U m  r e l a t i o n s  
( F i g .  2 6 ) .  

Boundary Condi  t i o n s  

On t h e  mean  s u r f a c e  of t h e  w i n g  p l a n f o r m  t h e  
p o t e n t i a l s  mus t  s a t i s f y  t h e  t a n g e n c y  c o n d i t i o n ,  i .e. 
a t  z = 0, 

Oo,  = 6 F x ( x , y i )  + a. + a l * ( H x  + k H t )  , (6) 

(7) O l z  - Aa - ( H x +  k H t )  , 

w h e r e  F ( x . y  ) i s  t h e  s t r i p w i s e  w i n g  s u r f a c e  
g e o m e t r y ,   is t h e  " i t h "  s p a n w i s e  l o c a t i o n ,  no is 
t h e  mean a n g i e  o f  a t t a c k ,  a n d  H ( x , t )  d e p i c t s  t h e  
w i n g  m o t i o n  w i t h  o s c i l l a t i o n  a m p l i t u d e  a 1  + Aa. 
W h i l e  Aa is  t h e  s m a l l  a m p l i t u d e  w h i c h  i n d u c e s  t h e  
t h r e e - d i m e n s i o n a l  u n s t e a d y  d i s t u r b a n c e s ,  Aa is 
a c t u a l l y  r e l a t e d  t o  t h e  two-d imens iona l  a m p l i t u d e  a l  
by Aa = o ( a l ) .  

O u t s i d e  o f  t h e  w i n g  p l a n f o r m ,  t h e  p o t e n t i a l  + 
m u s t  s a t i s f y  t h e  r a d i a t i o n  c o n d i t i o n  i n  t h e  l a te ra l  
and  t h e  ups t r eam f a r  f i e l d s .  The z e r o  p r e s s u r e  jump 
c o n d i t i o n  across  t h e  wake  s h e e t  a n d  a l o n g  w h i c h  
t h e r e  is no f l o w  d i s c o n t i n u i t y  m u s t  be  m a i n t a i n e d .  
Also,  a n  u n s t e a d y  p r e s s u r e  wave mus t  a t t e n u a t e  f a r  
downs t r eam.  S i n c e  t h e s e  b o u n d a r y  c o n d i t i o n s  a r e  
l i n e a r i z e d  c o n s i s t e n t  w i t h  t h e  s m a l l - d i s t u r b a n c e  
a s s u m p t i o n ,  e x p r e s s i o n s  f o r  a n d  b e c o m e  
d e c o u p l e d .  T h u s ,  i t  r e n d e r s  t h e  c o r r e c t i o n  S t e p s  t o  
be a p p l i e d  i n  a c o n s e c u t i v e  manner .  

P r e s s u r e  C o e f f i c i e n t s  

Due t o  a small  o s c i l l a t o r y  a m p l i t u d e  a ,  t h e  
p r e s s u r e  c o e f f i c i e n t  c a n  be  decomposed i n t o  

- 
+ A cP' a 

c - c  
P P  

w h e r e  c is t h e  s t e a d y  mean p r e s s u r e  c o e f f i c i e n t  and  
Ac is !he u n s t e a d y  p r e s s u r e  c o e f f i c i e n t  d e f i n e d  as 

P 

(8) 

w i t h  P a n d  P e  d e n o t i n g  t h e  p r e s s u r e  a t  u p p e r  a n d  
lower ' s u r f a c e s ,  t h e  s u p e r s c r i p t  j - 9 . ,  N a n d  "9." 
d e n o t e s  t h e  l i n e a r  s u b s o n i c  v a l u e s  a n d  "N" d e n o t e s  
t h e  n o n l i n e a r  t r a n s o n i c  v a l u e s .  C l e a r l y ,  

N a - a ,  a n d  a' - ha 

I n  terms of t h e  s t r i p  c o n c e p t ,  Eq .  (6) c a n  b e  
w r i t t e n  a s  

Ac J = c ,  p i  ( x , y , z ; k )  , (9) 
PI 

w h e r e  c ,  a n d  c ,  a r e  c o n s t a n t s  and  t h e  s u b s c r i p t s  0 
a n d  1 d e n o t e ,  r e s p e c t i v e l y ,  t h e  t w o - d i m e n s i  o n a l  
s t r i p  v a l u e  a n d  t h e  t h r e e - d i m e n s i o n a l  v a l u e  a t  t h e  
s p a n w i s e  l o c a t i o n  y - y . .  W h i l e  t h e  f i r s t  
c o r r e c t i o n  i s  a p p l i e d  a t  the l e v e l  of Eq. ( E ) ,  the  
s p a n w i s e  c o r r e c t i o  is  i m  l i e d  by t h e  p r e s s u r e - m o d e  
r e l a t i o n  between 2 a n d  po 9 .  which can  be e x p r e s s e d  as' 

p;' - p i  f J ( y ; k )  . (11) 

A c c o r d i n g  t o  t h e  f o r e g o i n g  a r g u m e n t s  of wave 
p r o p a g a t i o n s  i n  t h e  str ipuise c h a r a c t e r i s t i c  p l a n e ,  
t h e  n o n l i n e a r  s p a n w i s e  pressure f u n c t i o n  f (y;&) c a n  
be a p p r o x i m a t e d  by i t s  l i n e a r  c o u n t e r p a r t  f ( y ; k )  
t h r o u g h o u t  t h e  spanwi  se  c o r r e c t i o n  p r o c e d u r e .  

I n  p a s s i n g ,  we n o t e  t h a t  i n  a l l  t h e  f i g u r e s  
p r e s e n t e d ,  Ac ' and Ac a r e  t h e  rea l  a n d  i m a g i n a r y  
parts o f  t h e  u h t e a d y  p P e s s u r e  Ac r e p r e s e n t i n g  t h e  
i n - p h a s e  a n d  o u t - o f - p h a s e  p r e s s u r &  c o e f f i c i e n t s .  

RESULTS AND DISCUSSION 

To d e m o n s t r a t e  t h e  p r e s e n t  TES 'method a n d  t o  
v a l i d a t e  i ts  c m p u t e d  r e s u l t s ,  f o u r  d i f f e r e n t  w i n g  
p l a n f o r m s  are selected f o r  compar i son  w i t h  a v a i l a b l e  
d a t a .  T h e s e  i n c l u d e  N o r t h r o p  F-5 Wing  i n  p i t c h i n g  
m o t i o n  a n d  w i t h  a n  o s c i l l a t i n g  f l a p ,  L A N N  wing i n  
p i t c h i n g  m o t i o n ,  RAEIACARD t a i l p l a n e  i n  p i t c h i n g  
m o t i o n  a n d  AGAR0 s t a n d a r d  R A E  w i n g  w i t h  a n  
o s c i l l a t i n g  f l a p .  The s e c t i o n s  s e l e c t e d  a r e  g i v e n  
i n  t h e  t a b l e  1 below: 

T a b l e  1 S e l e c t e d  Wing S e c t i o n s  

~~ ~~ 

P l a n f o r m s  S e c t i o n s  / Sen i -Span  I 
- ~~~ ~ ~ 

F-5 Wing 1. 2, 3, 5, / 18.1, 35.2, 51.2, 72.1, 
6, 7, 8 1 8 1 . 7 ,  87.5, 97.7 

2, 3, 4, / 32.5, 47.5, 65.0 
5, 6 / 82.5, 95.0 

L A N N  Wing 

RAE T a i l p l a n e  1, 2, 3, 5 / 14.0, 42.0, 66.0, 96.0 

S t e a d y  Mean-Flow Results: E q u i v a l e n t  Airfoil D e s i g n  

F o r  a l l  s t e a d y  m e a n - f l o w  p r e s s u r e  d e s i g n  
o u t p u t s ,  t h e  p r e s e n t  computed r e s u l t s  u s i n g  t h e  IAF2 
c o d e  f o r  e q u i v a l e n t  a i r f o i l  d e s i g n  a r e  s h o w n  by 
s o l i d  l i n e s ,  whereas  t h e  i n p u t  d a t a  i n  g e n e r a l  a r e  
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shown by open symbols. Figure 3A and 3B display the 
p r e s s u r e  i n p u t s  f o r  upper and lower s u r f a c e s  a t  
s e l e c t e d  sec t ions  l i s t e d  above a t  M m  - 0.9 for  L A N N  
wing and F-5 wing based on N L R ' s  measured  d a t a  
(Refs .  18,191.  For t h e  case  of F-5 wing a t  M I  - 
0.95, i t  can be seen from F i g u r e  3C t h a t  f*stronglf  
shock occurs  near t h e  wing t r a i l i n g  edge. Hence 
sane care  m u s t  be e x e r c i s e d  t o  i n p u t  t h e  p r e s s u r e  
d a t a .  To demonstrate  t h e  f l e x i b i l i t y  of the TES 
method, we adopt t h e  computed r e s u l t s  of XTRAN3S- 
Ames (Ref .  3) a s  our pressure i n p u t s .  Notice that  
minor discrepancies between i n p u t  and output resu l t s  
appear behind the mean shock. Figure 1 O A  shows the 
canparison of i n p u t  d a t a  measured by R A E  (Ref .  9 )  
and the TES output r e s u l t s  for  a R A E  t a i lp lane  a t  MI 
= 0.9.  F igure  1 1  p r e s e n t s  the  s t e a d y  p r e s s u r e s  
f o r  t h e  R A E  wing a t  45% spanwise locat ion using the 
canputed r e s u l t s  of t h e  Bailey-Ballhaus code ( o r  
G A C B O P P E  code)  a s  i n p u t s ,  as no measured data were 
provided for  t h i s  sect ion i n  Ref. 20. For a l l  cases 
Considered,  t h e  comparison between the i n p u t  data 
and the output  computed r e s u l t s  a r e  g e n e r a l l y  i n  
good a p e m e n t .  

Unsteady Pressure Results! LTRANPITES Computations 

For unsteady computat ions,  t h e  LTRANZ code is 
adopted a s  our computation b a s i s  because of i t s  
i n c l u s i o n  of nonl inear i ty  and ease of application. 
In a l l  f i g u r e s  presented f o r  unsteady p r e s s u r e s ,  
s o l i d  l ines  denote  the present TES method, where- 
l i n e s  a t t a c h e d  w i t h  t r i a n g u l a r  symbols r e p r e s e n t  
v a r i o u s  v e r s i o n s  of XTRAN3S c o d e s ,  w i t h  t h e  
exception of Figure 1 1 .  The open square and c i r c l e  
symbols denote the N L R  op R A E  measured data for  in- 
phase and out-of-phase pressures, respectively. 

F igures  4, 5 and 6 contain unsteady r e s u l t s  a t  
various spanwise s e c t i o n s  of Northrop F-5 wing i n  
p i t c h i n g  o s c i l l a t i o n  a t  M - 0.9 and a t  given 
reduced Frequencies  k - 0.274. 0 . 5 5  and 0 .136 ,  
respect ively.  Figure7 Sresents  the unsteady r e s u l t s  
for  the  same wing I n  p i t c h i n g  o s c i l l a t i o n  a t  MI - 
0.95. The p i t c h i n g  axes for  a l l  cases of F:5 wing 
a r e  located a t  50% root  chord. For a l l  cases  a t  MI 
= 0.9, i t  can be observed tha t  the present r e s u l t s  
p r a c t i c a l l y  fo l low t h e  same t r e n d  a s  t h o s e  o f  
XTRAN3S codes.  B e t t e r  c o r r e l a t i o n s  a r e  found a t  
l o w e r  f r e q u e n c i e s  t h a n  f o r  t h o s e  a t  h i g h e r  
f r e q u e n c i e s .  I n  F i g u r e  5 ,  overpredicted uns teady  
shock appears i n  sec t ion  5 which s u g g e s t s  t h a t  t h e  
three-dimensional, wave cancelling mechanism ac ts  a t  
high f requencies  more e f f e c t i v e l y  than a l o c a l l y  
two-dimensional one. I n  F i g u r e  7, t h e  resu l t ing  
unsteady p r e s s u r e s  a t  MI - 0.95 a p p e a r  a l s o  t o  
fol low t h e  same t r e n d  a s  those  of N L R  and XTRAN3S 
code, except t h a t  t h e  unsteady shock s t r e n g t h  is 
a g a i n  o v e r p r e d i c t e d  by t h e  present  method. To 
invest igate  t h i s  problem f w t h e r ,  we change over t h e  
p r e s s u r e  input  as  p r e d i c t e d  by XTRAN3S t o  the N L R  
measured data  which c o n t a i n s  a weaker mean shock. 
A s  shown i n  F i g u r e  8 ,  t h e  unsteady p r e s s w e s  are 
indeed improved near  t h e  shock and a r e  o therwise  
unaf fec ted .  T h i s  f u r t h e r  v e r i f i e s  ow contention 
t h a t  the steady shock s t rength and posi t ion a r e  t h e  
most crucial  for  unsteady pressure predictions. 

Figure 9 presents the in-phase and out-of-phase 
p r e s s u r e s  of t h e  L A N N  wing w i t h  p i t c h i n g  a x i s  
located a t  62% root  chord. Throughout f i v e  spanwise 
locat ions considered, the  present results f o r  upper- 
surface compare more favorably w i t h  the N L R  measured 
d a t a  t h a n  do t h e  XTRAN3S r e s u l t s .  Meanwhile, 
subcr i t ica l  flows a r e  predicted f o r  lower s u r f a c e s ;  
hence,  t h e  unsteady pressures do not contain shock- 
j u n p .  F igure  10 p r e s e n t s  p r e s s u r e  r e s u l t s  fo r  a 

highly-swept R A E  t a l lp lane  of A - 50.2' a t  M m  = 0.9 
and a t  z e r o  mean inc idence .  Because t h e  present  
method uses tne measured data i n p u t s ,  i t  can be seen 
t h a t  t h e  p r e d i c t e d  u n s t e a d y  shock  p o s i t i o n s  
c o r r e l a t e  b e t t e r  w i t h  t h e  R A E  d a t a  than do t h e  
XTRAN3S r e s u l t s .  I t  should be caut ioned t h a t  2 q .  
( 1 )  may n o t  be s u i t a b l e  f o r  w i n g s  w i t h  l a r g e  
sweepback angles, as  the s i d e  wash could be of the 
same order  a s  t h e  mean convect ive v e l o c i t y .  One 
would t h e r e f o r e  expect t h a t  f o r  both s t e a d y  and 
unsteady f low,  d i s c r e p a n c i e s  w i l l  occur near the 
wing t i p .  p a r t i c u l a r l y  f o r  w i n g s  w i t h  low aspect  
r a t i o s .  Such d e t e r i o r a t i o n  i n  pressure estimates 
w a s  observed i n  Ref. 9. 

I n  general, overal l  trends of unsteady pressures 
were obtained w i t h  TES method fran Figures 4 t o  10. 
In some cases ,  insuff ic ient  adjustment of the phase 
angle causes  the  underpredic t ion  of t h e  unsteady 
pressure  l e v e l .  I t  i s  be l ieved  that  t h i s  type of 
discrepancy may r e s u l t  fran the l inear  approximation 
inherent I n  the  spanwise correction procedure. 

Osci l la t ing Flap 

FlgUrO 1 1  p r e s e n t s  t h e  computed and measured 
data a t  451 semi-span of A G A R D  s tandard  R A E  wing 
with an o s c i l l a t i n g  f l a p  s t a r t i n g  a t  702 chord. I t  
is  in te res t ing  t o  observe that  t h e  present  r e s u l t s  
and I s o g a l ' s  f u l l  potent ia l  method (Ref. 6 )  a r e  i n  
good a@-ement w i t h  R A E  measured d a t a .  F igure  12 
compares i n -  and out-of-phase pressures a t  two f l a p  
sect ions of F-5 wing a t  Mm - 0.9; the hinge l i n e  i s  
l o c a t e d  a t  82% chord.  Closed agreements a re  found 
w i t h  XTRAN3S resu l t s  of Sotanayer and Borland (Ref .  
8 )  and N L R  measured d a t a  (Ref .  2 1 ) .  I t  should be 
pointed out tha t  i n  presenting the f l a p  o s c i l l a t i o n  
d a t a ,  usual  practice i n  computational methods is  t o  
connect the data p o i n t s  a c r o s s  the  hinge l i n e ,  i n  
t h e  same manner as connecting the shock points; such 
a r e  the cases of Refs. 6 and 8. However, c o n t r o l  
s u r f a c e  s i n g u l a r i t i e s  i n  subsonic  flow have been 
w e l l  e s t a b l i s h e d  by White and Landahl (Ref .  2 2 ) .  
S ince  t h e  f low is assumed invisc id  and is loca l ly  
s u b s o n i c ,  h i n g e  l i n e  s i n g u l a r i t y ,  a s  w e  have 
presented i n  these f igures ,  should prevai l .  

Computation T ime  

I n  performing t h e  f i r s t  c o r r e c t i o n  o f  t h e  
present  TES code (LTRANZ/IAFZ), we used typical ly  
103 x 97 g r i d  points and assigned 240 time s teps  for  
each c y c l e .  Pressure data a r e  read usually i n  t h e  
fourth cycle, as the aerodynamic response normally 
becomes per iodic  or harmonic a f t e r  the t h i r d  cycle. 
Typically, i t  takes T O O  i t e r a t i o n s  t o  a c h i e v e  t h e  
IAF2 s t e a d y  p r e s s u r e  o u t p u t .  I n  an IBM 3081, the 
CPU time lor t h e  f i r s t  c o r r e c t i o n  amounts t o  some 
6 2 0  s e c o n d s .  W i t h  10 x 10 p a n e l s ,  t h e  Doublet 
L a t t i c e  code  r e q u i r e s  40 s e c o n d s ,  w i t h  t h e  
a d d i t i o n a l  p r o c e d u r e ,  t h e  C P U  time amounts t o  
roughly 100 seconds.  Hence, t h e  t o t a l  C P U  t i m e  
r e q u i r e d  f o r  running TES code on one s t r i p  adds up  
t o  720 seconds. T h e  same case ( e . g . ,  Northrop F-5 
w i n g )  computed by XTRAN3S code  would r e q u i r e  
r e p o r t e d l y  2000 t o  4000 seconds C P U  time i n  t h e  
CRAY-IS supercomputer. T h i s  would amount t o  an 
equivalent CPU time i n  an IBM 3081 of about 10 hours 
o r  more. With four  s t r i p s  chosen i n  t h i s  c a s e ,  
present TES method u s u a l l y  t a k e s  u p  no more than 
3000 seconds. Therefore, a saving of about ten- t o  
twelve-fold i n  CPU time can be a c h i e v e d .  W i t h  
f u r t h e r  improvement t o  t h e  T E S  p i l o t  code, i t  is  
expected t h a t  a t  l e a s t  another r e d u c t i o n  f a c t o r  of 
two i n  CPU time can be achieved. 
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CONCLUDING REMARKS 

A TES method has been developed f o r  unsteady 
transonic computations about wing planforms. Four 
s w e p t ,  t a p e r e d  wings of var ious  aspect  r a t i o s  
i n c l u d i n g  c o n t r o l  s u r f a c e s  a r e  s e l e c t e d  a s  
computational examples f o r  v a l i d a t i o n  of the TES 
computer c o d e .  Computed r e s u l t s  o f  TES code  
p r a c t i c a l l y  f o l l o w  t h e  same t r e n d s  as  those  of 
XTRAN3S codes and fu l l -poten t ia l  code; a l l  of them 
have becn v e r i f i e d  w i t h  avai lable  measured data by 
N L R  and R A E .  

In view of the sa t i s fac tory  r e s u l t s  obtained and 
t h e  e f f e c t i v e  procedures e s t a b l i s h e d  by t h e  TES 
method, we b e l i e v e  that i t  i s  useful fo r  immediate 
a c r o e l a s t i c  a p p l i c a t i o n s .  To summar ize ,  t h e  
fo l lowing  s p e c i a l  f e a t u r e s  of the  TES method a r e  
worthy of notice: 

Applicability t o  General Planforms 

In addition t o  i t s  appl icabi l i ty  t o  r p c t a n g u l a r  
w i n g s ,  t h e  TES method i s  e q u a l l y  a p p l i c a b l e  t o  
swept and t a p e r e d  wing planforms with any g i v e n  
aspect-rat io ,  including those w i t h  control surfaces. 

No Need for G r i d  Generation 

Any time-domain three  dimensional computational 
methods g e n e r a l l y  r e q u i r e s  a g r i d  g e n e r a t i o n  
procedure, which could be planform-dependent in most 
cases. The present TES method does not require such 
a procedure. 

Com p u t  a t  i on E f f i c i  ency 

A rough e s t i m a t e  i n  CPU time indicates  that  t o  
compute aerodynamics for  one given mode, us ing  t h e  
present  TES code, is a t  l e a s t  ten times fas te r  than 
using the XTRAN3S code. With further.improvement of 
the  c u r r e n t  TES p i l o t  code, i t  is expected that  a t  
l e a s t  another reduct ion f a c t o r  of two i n  C P U  time 
can be achieved. 

F lex ib i l i ty  and Ease of Application 

Unlike other  unsteady computational methods, TES 
method makes use of t h e  s t e a d y - f l o w  p r e s s u r e s  
s u p p l i e d  e i t h e r  b y  measurement  o r  b y  s t e a d y  
computational method. The f l e x i b i l i t y  of the  TES 
method l i e s  in the pressure i n p u t  scheme which does 
not require a i r f o i l  shapes .  For ease  of appl ica-  
t i o n ,  t h e  input  format of TES code wil l  be unified 
with tha t  of the subsonic doublet l a t t i c e  code. 

Transonic A . I . C .  and F lu t te r  

W i t h  the exclusion of chordwise bending modes, 
t h e  p r e s e n t  TES method can be extended t o  t h e  
construct ion of a three-dimensional  aerodynamic- 
influence-coeff ic ient  matrix, hence, the generalized 
forces .  These a re  the essent ia l  building blocks for  
t h e  TES method t o  become an e f f i c i e n t  aerodynamic 
tool for f l u t t e r  analysis .  
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62.0% Cr 
C %  50% i c, 
P 21 

(A) LANN WING 
M, = 0.82 

(B) NORTHROP F-5 WING (C) NORTHROP F-5 WING 
M, = 0.90 M, = 0.95 

Fig. 3 Steady Pressure Inputs and Equivalent-Airfoil Outputs  at Various Spanwise Locations for: 
( A )  LANN WING at Mean Incidence a,, = 0.62' 
(B) andEORTHROP F-5 WING at Mean Incidence a,, - 0' 
( Upper and ALower Surfaces - Measured Data: 
(C) Computed Data XTRAN3S/Ames; -Present Equivalent-Airfoil O u t p u t )  

( A )  NLRIHorsten, ( 6 )  NLRITijdeman and 
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SEC 1 

Fig. 5 NORTHROP F-5 W I N G  Comparison of In-phase and Out-of-phase Pressures  on Upper  Surface a t  Three 
Spanwise Locations: 
Reduced Frequency k = 0.550. 
(- Present TEE Method; & XTRAN3S/Ames; Real and @ Imaginary - NLRITijdeman e t  a l .  
Measured Data) 

Pi tching O s c i l l a t i o n  about !-lid Root-Chord a t  Mach Number M m  = 0.90 and 
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0 SEC 2 
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bO.00 0.20 0 . Y O  0.60 0.80 1.00 
0 x / c  
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? I T , , , *  
7 0.00 0.20 0 . W  0.60 0.80 1.00 

x / c  

0'. 60 0 80 I 00 

Fig. 6 NORTHROP F-5 W I N G  
Spanwise Locations: 
Reduced Frequency k = 0.136. 
( -Present TE8 Method; Real and 0 Imaglnary - NLR/Tijdeman e t  a l .  Measured Data) 

Comparison of In-phase and Out-of-phase Pressures  on Upper Surface a t  Three 
P i tch ing  Osc i l la t ion  about Mid Root-Chord a t  Mach Number MOD = 0.90 and 
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Fig.  7 NORTHROP F-5 WING Comparison of In-phase and Out-of-phase Pressures on Upper Surface a t  Three 
Spanwise Locations: Pi tching O s c i l l a t i o n  about Mid Root-Chord a t  Mach Number MI - 0.95 and 
Reduced Frequency k - 0.526. 
( - Present T E g  Method; 
Measured Data) 

XTRAN3WAme.9; a Real and 0 Imaginary - NLR/Tijdeman e t  a l ,  

I 6 
:+. X / C  "0 

D 

%.Do 0'. 10 6. YO 0: 60 0:80 1'. 00 
x / c  

(A) XTRAN3S/Ames Input (B) NLR Measured Data Input 
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' 0 . 0 0  0.20 0 . Y O  0 . 6 0  0.80 1.00 
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0 R 

: I . , , , ,  a w 0 . 1 0  0 . w  0.60 0 . 8 0  1 . 0 0  
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x /c  . 

Fig. 8 NORTHROP F-5 W I N G  
Pressures  a t  18% Spanwise Locations: 
M- = 0.95 and Reduced Frequency k 
(- Present TES Method; 4 XTRAN3S/Arnes; Real and @ Imaginary - NLR/Tijdeman e t  a l .  
Measured Data) 

Comparison of Steady Pressure Dis t r ibu t ions ,  In-phase and Out-of-phase 
Pi tching O s c i l l a t i o n  about Mid Root-Chord a t  Mach Number - 0.528. 
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(A) LA" WING Upper Surface 
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Fig. 9 LANN WING Canparison of In-phase and Out-of-phase Pressures at Five Spanwise Locations : 
Pitching Oscillation about 621 Root-Chord at Mach Number M- - 0.82 and Reduced Frequency 
k - 0.205 
( c- Present TES Method; 4 XTRAN3S/Malone; 
Measured Data) 

Real and @ Lmaginary - NLRIHorsten e t  a l .  
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(A) LAN" WING Upper Surface [Continued] Ac;:r D n m o o  ;r; 
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(B) LAN" WING Lower Surface [Continued] 

Pig. 9 LANN WING [Continued] 
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Act# 
P O  

D 
9 

RAE AGARD TAILPLANE: 
ASPECT RATIO : AR=2.41 
TAPER RATIO : TR=0.27 
MACH NUMBER : Mm=0.90 
MEAN INCIDENCE : aO=OO 
REDUCED FREQUENCY: kc=0.422 
PITCHING AXIS : x0-68.2% RtOT CHORD 
OSCILLATION AMPLITUDE: a l = 0 . 4  

a . L  7 

(A) S t e a d y  P r e s s u r e  D i s t r i b u t i o n s  

F i g .  10 RAE ACARD TAILPLANE: 
(A) S t e a d y  P r e s s u r e  I n p u t s  a n d  E q u i v a l e n t - A i r f o i l  P r e s s u r e  O u t p u t s  a t  F o u r  S p a n w i s e  L o c a t i o n s  
( RAE Measured  Data I n p u t ;  - E q u i v a l e n t - A i r f o i l  O u t p u t  1 
(B) C o m p a r i s o n  of I n - p h a s e  a n d  O u t - o f - p h a s e  P r e s s u r e s  
( - P r e s e n t  TES Method; + XTRAN3SlBennett e t  a l . :  Real a n d  @ I m a g i n a r y  
-RAE Measured  D a t a )  
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(A) S t e a d y  P r e s s u r e  D i s t r i b u t i o n  
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(B) P r e s s u r e  Magnitude 
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X / C  

(C)  P h a s e  Angle 

00 

F i g .  1 1  ACARD STANDARD R A E  WING WITH OSCILLATING FLAP 
( A )  S t e a d y  P r e s s u r e  I n p u t s  and  E q u i v a l e n t - A i r f o i l  P r e s s u r e  O u t p u t s  a t  451 Spanwise  L o c a t i o n  a t  
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Mach Number M -  = 0.90 a n d  Mean I n c i d e n c e  a. = 0' 
( fl CACBOPPE Code I n p u t ;  - E q u i v a l e n t - A i r f o i l  O u t p u t )  

( B )  P r e s s u r e  Magnitude and 
( C )  Phase  Angle  o n  Upper S u r f a c e  of 451 Spanwise  L o c a t i o n  f o r  A C A R D  R A E  Wing w i t h  O s c i l l a t i n g  

= 0.705 w i t h  F l a p  Ampl i tude  6 = 1 '  F l a p  a t  Mach Number M- = 0.90 a n d  Reduced Frequency  k 
(- P r e s e n t  TES Method; ------ I s o g a i ' s  F u l l  P o t e n t i a l  Code; 0 + -I+ RAE Measured D a t a )  C 
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(A) 18% Spanwise Location (Section 1) 
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(B) 51% Spanuise Location (Section 3) 

Fig. 12 NORTHROP F-5 WING WITH OSCILLATING FLAP 
Canparison of In-phase and Out-of-phase Pressures with Hinge Line a t  82% Chord a t  
S e c t i o n s  1 and 3. 
( -Present TES Method; XTRAN3S/Sotaneyer; Real and @ Imaginary 
- NLWTijdeman et a l .  Measured Data) 
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